Purpose: To examine speech recognition performance and subjective ratings for directional and omnidirectional microphone modes across a variety of simulated classroom environments. Method: Speech recognition was measured in a group of 26 children age 10-17 years in up to 8 listening environments. Results: Significant directional benefit was found when the sound source(s) of interest was in front, and directional decrement was measured when the sound source of interest was behind the participants. Of considerable interest is that a directional decrement was observed in the absence of directional benefit when sources of interest were both in front of and behind the participants. In addition, limiting directional processing to the low frequencies eliminated both the directional deficit and the directional advantage. Conclusions: Although these data support the use of directional hearing aids in some noisy school environments, they also suggest that use of the directional mode should be limited to situations in which all talkers of interest are located in the front hemisphere. These results highlight the importance of appropriate switching between microphone modes in the school-age population.
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Key Words: directional microphones, hearing aids, children S everal studies have demonstrated that poor signal-tonoise ratios (SNRs), such as those typically found in classroom settings, can significantly reduce speech understanding for children both with and without hearing loss (e.g., Crandell, 1993; Finitzo-Hieber & Tillman, 1978) . In addition, listeners with hearing loss require better SNRs for equivalent speech recognition performance compared with listeners with normal hearing (Boothroyd, Eran, & Hanin, 1996; Killion, 1997; Schum, 1996) ; that is, although poor classroom acoustic conditions have a significant impact on speech perception of all children, children with hearing loss are particularly vulnerable to their effects. Noise is created within the classroom itself from competing speech, shuffling papers, creaking furniture, and other normal activity caused by both students and teachers. In addition, external noise, such as aircraft overflights, as well as internal noise, such as from adjacent classrooms and hallways, playgrounds, and heating or cooling systems, also adds to the overall noise level in school settings. An unfortunate consequence of high noise levels is that they typically produce an unfavorable SNR (e.g., Pearsons, Bennett, & Fidell, 1976) .
Most classrooms have an SNR between -6 and 6 dB, thus making listening in such environments difficult ( Bess, Sinclair, & Riggs, 1984; Crandell & Smaldino, 2000) . Consequently, SNR must be improved for children with hearing loss in school environments to optimize communication and learning.
To date, the only amplification methods that have been shown consistently to improve SNR for listeners in noise are based in microphone technology. There is little doubt that frequency modulation ( FM) systems are the currently preferred intervention in classroom settings in which only the teacher's voice is of interest (e.g., Hawkins, 1984 ; M. S. Lewis, Crandell, Valente, & Horn, 2004) . However, FM systems may not be optimal when there are multiple talkers as well as when one is overhearing other conversations of interest. Such instances occur both in formal classroom environments as well as in informal school settings, such as buses, playgrounds, and lunch rooms. In addition, FM systems may be rejected because of cosmetic or social concerns, especially by older children ( D. E. Lewis, 1991) . SNR improvement should not be limited to formal instructional situations in which there is a single talker of interest. Because both formal and informal learning are crucial for cognitive, linguistic, and social development ( Flexer, 1996) , it is imperative to improve the SNR in school environments whenever possible. Consequently, directional hearing aids have been advocated, at least for use in environments with multiple talkers of interest, even though the magnitude of the improvement in SNR provided by these devices in laboratory settings is much smaller than has been reported for FM systems ( Hawkins, 1984 ; M. S. Lewis et al., 2004) . Directional hearing aids incorporate two microphones (or microphone ports) to allow for improved SNR based on the spatial location of the signal of interest relative to unwanted signals. The resulting improvement in SNR for directional, as compared with omnidirectional, hearing aid fittings can lead to improved speech recognition in noisy environments. Improved speech recognition performance in noisy environments has been demonstrated by adult listeners when wearing hearing aids in directional mode in comparison to the traditional omnidirectional mode across a wide range of laboratory and real world environments (e.g., Bentler, 2005; Ricketts & Dittberner, 2002; Ricketts, Henry, & Gnewikow, 2003; Ricketts, Henry, & Hornsby, 2005; Ricketts, Lindley, & Henry, 2001; Walden, Surr, Cord, & Dyrlund, 2004) . This improved performance is commonly referred to as directional benefit and is typically calculated by subtracting the performance score measured in omnidirectional mode from that measured in directional mode.
A few studies have shown that children also can benefit from directional technology, at least in optimal laboratory environments (Gravel, Fausel, Liskow, & Chobot, 1999; Hawkins, 1984; Kuk, Kollofski, Brown, Melum, & Rosenthal, 1999) . Unfortunately, it is not known whether this benefit in laboratory settings transfers to the wide range of noisy listening situations children face in school environments. However, some recent evidence supports the potential for directional benefit in real school environments ( Ricketts & Galster, in press ). The presence and magnitude of any directional advantage depend in part on interactions between the sensitivity pattern of the directional microphone and the environment. Specifically, in directivity-based systems, sensitivity (the signal level delivered to the ear), as well as the effective improvement in SNR, is dependent on the angle of arrival of the sound source (e.g., Ricketts et al., 2005) . Data from adults have shown that there is usually directional benefit when the listener is generally facing the sound source of interest and the competing noise is either behind the listener or surrounds the listener (e.g., Ricketts, 2000b Ricketts, , 2000c Ricketts et al., 2001; Walden et al., 2004) . Recently, Ricketts and Galster (in press) measured the head angle and orientation of 40 children (age 4-17 years) with and without hearing loss in relation to the position of sound sources of interest (the teacher and other talkers) in a variety of classrooms. The results revealed that children as young as 4 years of age could orient their heads accurately toward sounds of interest, suggesting the potential for directional benefit in the classroom environments evaluated.
Despite these data, the magnitude of directional benefit obtained by children across classroom listening situations remains unknown. Several environmental factors are known to affect directional benefit in adult listeners, including the magnitude of room reverberation, speaker-to-listener distance, and the position of the noise and sound sources (Ricketts & Hornsby, 2003 , 2007 Ricketts et al., 2001; Walden et al., 2004) . These same factors are also expected to affect the magnitude of any directional benefit obtained by children in school environments. It is important to note that classroom listening environments are known to vary widely with regard to these environmental factors ( Ricketts & Galster, in press ). Specifically, video footage from real classroom environments has revealed that the sound source of interest is commonly in a variety of positions around the child, including in front and behind and at a variety of distances.
In addition to quantifying objective directional benefit in simulated classroom environments, it is also of interest to examine performance of directional and omnidirectional microphone modes subjectively. We know of only two studies that have attempted to examine the subjective impact of directional technology on children. Kuk and colleagues (1999) reported improved subjective ratings of hearing aid benefit by 20 children after a 1-month trial with a full-time directional hearing aid compared with ratings at the beginning of the trial. Similarly, Condie, Scollie, and Checkley (2002) reported significantly improved subjective scores by 10 children and their parents after a 1-month trial with an instrument that automatically and adaptively switched between omnidirectional and directional microphone modes. Unfortunately, the comparison condition for both of these clinical trials was the child's own or previous hearing aids. Such comparisons are problematic for a number of reasons, including a lack of control of processing other than the directional microphones, a lack of control over how well the listeners' previous instruments were fit, and a number of potential participant biases (e.g., Bentler, Niebuhr, Johnson, & Flamme, 2003) .
The purpose of this study was to examine children's objective and subjective performance in both directional and omnidirectional microphone modes across a variety of simulated classroom environments in a series of three experiments. The specific classroom settings chosen for simulation were selected on the basis of our observations of real classrooms in previous work (Ricketts & Galster, in press ). Instead of systematically investigating specific environmental factors, as has previously been done with adult listeners (e.g., Ricketts, 2000b Ricketts, , 2000c Ricketts & Hornsby, 2003) , classroom settings were selected from those commonly experienced by children to provide a range of environmental factors that we believed had the potential to affect directional benefit. In this way, we were able to determine the expected range of directional benefit in common classroom environments with a higher degree of face validity.
Method

Experiment 1
Participants and hearing aid conditions. The speech recognition performance and subjective hearing aid performance of 30 students with hearing loss were evaluated across directional and omnidirectional hearing aid modes after 1-month trials as described in detail below. Post hoc analysis revealed that 4 of the 30 participants demonstrated simulated real ear aided response values that differed by more than 3 dB (between directional and omnidirectional modes) when averaged across octave frequencies. These average differences corresponded to large differences (>10 dB) below 500 Hz and /or above 1500 Hz. In 1 case, this mismatch occurred because of excessive feedback that appeared only in omnidirectional mode, resulting in less gain for that mode. In the other 3 cases, the hearing aid selected was not capable of providing adequate gain in directional mode. As a result of this mismatch, these 4 participants were disqualified, and only the remaining 26 were considered in the analysis.
The 26 participants ranged in age from 10 to 17 years (M = 14 years). Twenty-four of the participants had previous experience with bilateral amplification; however, none had previously worn directional hearing aids. The average earspecific air-conduction thresholds for all study participants are shown in Figure 1 . It is well known that middle ear status changes often in school-age children (especially younger children), often resulting in a fluctuating component to their hearing loss. Given how common middle ear problems, such as otitis media, are in children, eliminating children on the basis of middle ear status was not desirable. At the time of their testing, 25 of the participants exhibited air-bone gaps of 15 dB or less at all audiometric frequencies. The remaining child had a low-frequency conductive component with a magnitude of up to 30 dB. Twenty-three of the participants exhibited normal middle ear function with tympanometric peak pressure between -125 daPa and 100 daPa in both ears on the day of testing. The 3 remaining participants exhibited either extremely low admittance or negative middle ear pressure (<-150 daPa) in at least one ear.
All participants were fitted bilaterally with behind-theear ( BTE) hearing aids capable of directional and omnidirectional hearing aid modes using the Desired Sensation Level Version 4.1 prescriptive fitting procedure (Cornelisse, Seewald, & Jamieson, 1995; Seewald, Moodie, Sinclair, & Scollie, 1999) . Simulated real ear target verification was completed using each individual child's real-ear-to-coupler difference. The average match to the prescriptive targets is shown in Figure 2 . Twenty of the participants were fitted with Oticon Gaia instruments. The Gaia is a two-channel compression instrument with syllabic time constants in the low frequencies and adaptive time constants in the high frequencies. The compression knee-point was fixed at 40 dB SPL in both channels. This instrument is capable of frequency shaping in seven bands. It was not possible to obtain sufficient gain in directional mode for the 6 remaining participants using the Gaia despite the fact that these listeners fell within the instrument's fitting range according to manufacturer literature. These remaining 6 participants were fitted with the Phonak Supero. The Supero was programmed as a five-channel compression instrument. Compression knee-points ranged from 40 dB SPL to 50 dB SPL depending on the channel and hearing loss as determined by Phonak's digital wide dynamic range compression algorithm. All digital noise reduction and feedback suppression algorithms were disabled across all fittings. Unvented, full-shell vinyl (Westone Rx) earmolds with 3-mm horn tubing were used across all participants. Across both the Gaia and Supero models, each participant was fitted with his or her own new pair of instruments; that is, the same instruments were not reused across participants.
To optimally interpret the results of this experiment, it was also necessary to measure the directivity performance of the test instruments under optimal performance conditions. The electroacoustic directivity of the test instruments in both directional and omnidirectional mode was evaluated by measuring polar directivity patterns in the horizontal plane and calculating directivity index (DI ) values from these results (American National Standards Institute [ANSI ], 2004) . The hearing aids were programmed for the average listener's linear gain prescription prior to measurement of the polar directivity patterns. Linear amplification was used during directivity evaluation because compression amplification can confound traditional directivity measures (Ricketts, 2000a) . The polar patterns were obtained on a Knowles Electronics Manikin for Acoustic Research (KEMAR) in an anechoic chamber measuring 3.8 m (wide) × 3 m (long) × 4.9 m ( high). The hearing aids were directly coupled to a Zwislocki coupler mounted in the KEMAR using an HA-3 coupler attachment ( Knowles DB-32), and the hearing aid was oriented on the ear to ensure that the microphone ports were in the horizontal plane. Because we expected that directivity would vary across different examples of the same model, several examples of each model were evaluated. Specifically, a total of eight Gaia and four Supero instruments were randomly selected for evaluation of directivity. Hearing aid output was measured in the Zwislocki coupler using a calibrated Etymotic ER-11 microphone. All measurements were made at 10°increments through the use of a commercial turntable (Outline Industries ET1.1). Gaussian noise was used as the test signal, presented at 70 dB SPL from a loudspeaker (Tannoy System 600) placed at a distance of 1.25 m.
Procedure. All participants were fitted with either a fixed omnidirectional or fixed directional microphone mode (counterbalanced across participants) for 1 month. This was followed by a second 1-month trial with the other microphone mode. After each 1-month trial, participants and their parents completed subjective evaluations, and participants completed a battery of speech recognition tests using only the microphone mode they had used for the previous month. Speech recognition testing was completed across five listening conditions using a modified version of the Hearing in Noise Test for Children (HINT-C; Nilsson, Soli, & Sullivan, 1994) . The modification of the HINT-C consisted of replacing the competing signal that is part of the HINT-C with four uncorrelated samples of cafeteria noise that were spectrally matched to the original HINT-C competing noise. The cafeteria noise was recorded by the first author and has been used in several previous investigations (Ricketts, 2000b (Ricketts, , 2000c Ricketts et al., 2001 ). The HINT-C is a speech-in-noise test that has good list equivalency across its 13 lists, and it is appropriate for children as young as 5 years of age. The participant's task is repetition of sentences spoken by a male talker in the presence of noise presented at a fixed level (65 dBA SPL). Correct identification of each sentence is based on proper repetition of all words of the sentence, with minor exceptions; specifically, small substitutions in verb tense and the articles a and the are allowed without scoring a sentence as incorrect ( Nilsson et al., 1994) . A threshold SNR was calculated as the SNR necessary to achieve 50% correct performance per author instructions. For each participant, every test condition was evaluated using a single 10-sentence block that was randomly selected without replacement. Prior to testing, each child completed at least one practice list. All HINT-C testing was completed in a single 3.6-m ( high) × 6.3-m (wide) × 7.7-m (long) classroom. For all listening conditions, three rows of tables (two tables measuring 1 m wide × 3 m long × 0.7 m high in each row) were placed in the classroom, with three chairs at each table. The participants were seated at a table exactly in the center of the room. Four uncorrelated noise sources were output from four bipolar loudspeakers (Definitive BP-2x) placed on the corner of the tables, 2.2 m from the corners of the room. Average reverberation time at the position of the listener's head (250, 500, 1000, 2000, 4000, and 8000 Hz) was 0.6 s as measured using noise bursts and a Larson Davis ( Model 800B) sound level meter. Across all test conditions, the speech source loudspeakers were always pointed directly toward the participant. Across all conditions, the four channels of noise and the test stimuli channel were streamed off the hard drive of a Pentium IV class computer and delivered to the presentation loudspeakers through the use of a multichannel digital signal-processing sound card (Echo Digital Audio Darla24). All channels were amplified using a single multichannel amplifier ( Russound DPA 6.12). This equipment was used in conjunction with a commercial, multitrack sound editing and presentation package (Adobe Audition Version 1.5) for signal presentation.
The participants were generally not given any instructions related to how they should position their head or where they should look, because we were interested in examining directional benefit under head positions that were as natural and usual as possible. Previous work has suggested that a range of head orientation behaviors occur in actual classrooms ( Ricketts & Galster, in press ). The two exceptions to this rule of not providing orientation instruction were for Environments 3 and 4, as detailed in the following. The five listening conditions were differentiated as follows.
The first listening condition (Teacher Front) was intended to simulate a usual classroom, with the teacher in the front of the room, speaking, and is similar to that experienced by a child with hearing impairment with preferential seating (Crandell & Smaldino, 2000) . For this condition, the total level of the four noise signals was fixed at 55 dB SPL. Speech was presented from a single point-source loudspeaker ( Tannoy System 600) placed on a 0.75-m speaker stand, directly in front of the child at a distance of 2 m.
The second listening condition ( Teacher Back) was identical to the first, except the speech loudspeaker was placed directly behind the participant at a distance of 2 m.
The third listening condition (Desk Work) was identical to the first listening condition; however, the participant was given a simple (first-grade level) math worksheet to complete and encouraged to "keep your eyes on your work." This head orientation instruction was provided because we were interested in examining directional benefit in the specific and common situation in which the student is listening while writing. It should be recognized, however, that this instruction may have overly limited the head movement that might occur in some similar school settings.
The fourth listening condition ( Discussion) was intended to simulate a roundtable discussion. In this condition, three loudspeakers (Tannoy System 600) were used as speech sources, and the participant was encouraged to "look at the talker " (i.e., whichever loudspeaker from which the sound was coming). The participants were given this instruction because previous work has shown that school-age children, both with and without hearing impairment, often look at each individual talker in similar multitalker environments in actual school settings (Ricketts & Galster, in press ). We have hypothesized that this appropriate head orientation may be due, at least in part, to the student's need to obtain information through the visual channel. As a result of this instruction, this test condition reflects only optimal school situations in which the participants are focused on the talker. However, appropriate orientation behavior was encouraged through instruction in an attempt to make up for any reduced accuracy that might have occurred because of the lack of visual information available in the test environment. The three source loudspeakers were placed 1.5 m from the participants at 0°a nd ±50°azimuths. The HINT-C sentences were presented from one of the three speakers in a pseudorandom fashion. Specifically, loudspeakers were randomly selected within the constraint that each list should have three sentences originate from two of the loudspeakers and the remaining four sentences originate from the remaining loudspeaker. In this way, speaker presentation position was counterbalanced as much as possible across the three loudspeakers. For this condition, the total level of the four noise signals was fixed at 65 dB SPL.
The fifth condition (Bench Seating) was intended to simulate listening to two talkers seated on either side of the participant as if seated on a bench. In school environments, this arrangement commonly occurs in cafeterias and gymnasiums. For this condition, two source loudspeakers were placed 0.55 m from the participants at ±90°azimuths. The HINT-C sentences were pseudorandomly presented from one of the two loudspeakers in a counterbalanced fashion. For this condition, the total level of the four noise signals was again fixed at 65 dB SPL.
Two brief questionnaires were used for subjective testing and administered to both the participants and their parents after each 1-month trial. The first questionnaire was the Children's Home Inventory for Listening Difficulties (CHILD; Anderson & Smaldino, 2000) . The CHILD is aimed at quantifying the communication abilities and needs of children within the context of their home and includes 15 items that represent typical family communication situations at different distances and in background noise. The version selected for use in this study is intended to be completed by the child and a caregiver who knows the child's communication needs well. Parents and children use an 8-point scale to estimate the child's listening ability. The CHILD was selected for use because there are several questions focused on listening in background noise.
The second questionnaire was developed for this study (see Appendix). It included 16 questions that were specifically developed to address listening situations in which communication could be affected either positively or negatively by directional microphone use. Participants were asked to complete this questionnaire with their parents. Although it would have been preferable to use a standardized inventory, our previous work with adult listeners suggested that the effect that directional and omnidirectional microphone modes have on subjective benefit can be obscured by general questions about performance in noise . This confound occurs because, compared with the omnidirectional mode, expected performance in the directional mode can be better or worse, depending on the specific noisy listening environment; that is, use of the directional mode is expected to be detrimental in some listening environments, even when noise is present.
Experiment 2
Experiments 2 and 3 were conducted to obtain further data in environments that were of interest on the basis of the results obtained in Experiment 1. The purpose of Experiment 2 was to examine further the affects of directional and omnidirectional modes for conditions in which the talker was either in front of or behind the listener. Testing in Experiment 2 was completed using recorded materials and presented to participants through insert earphones. In response to the correct assumption that the directional mode may be detrimental when the talker is behind the listener, some manufacturers have introduced directional hearing aids that remain in the directional mode full-time; however, the high directivity usually associated with the directional mode is limited to the lower frequencies. It is assumed that this rationale is based on assumptions about the importance of highfrequency speech information and the dominance of lowfrequency energy in some noise signals. We were interested in examining whether the negative effect of the directional mode for talkers behind the listener might be lessened by limiting directional processing to the lower frequencies. Furthermore, because directional hearing aids might be used in children learning language, we were interested in determining whether the positive and negative effects of the two microphone modes would occur under conditions of limited contextual information. Although we do not know of any data that suggest that directional benefit might be affected by the level of contextual information, we were interested in confirming the presence of significant benefit in this common learning situation. A fixed SNR was also chosen for this measure both for logistical reasons (we are unaware of an adaptive speech recognition task that uses nonsense syllables) and to further generalize any finding of significant directional benefit and/or decrement across a range of listening conditions.
In Experiment 2, the stimuli included nonsense syllables that were recorded in six different listening conditions. These conditions included three microphone modes (directional, omnidirectional, and low-pass directional) and two source locations (Teacher Front and Teacher Back). All of the participants who served in Experiment 1 also served in Experiment 2. Furthermore, the Teacher Front and Teacher Back environments used for recording of the source stimuli were identical to those described in Experiment 1 with the exception of the source material and the SNR used. The stimulus material consisted of hearing aid processed nonsense syllables, selected from the City University of New York Nonsense Syllable Test recording (CUNY-NST; Resnick, Dubno, Hoffnung & Levitt, 1975) . The CUNY-NST is made up of six equivalent lists of 67 consonant-vowel or vowelconsonant items. It requires that the listener circle one nonsense syllable from a list of between six and nine syllables with common vowels. Each list is made up of seven subtests in which the vowel environment is held constant. Pilot work suggested that this lengthy list was challenging for the younger participants; therefore, a subset of four subtests was selected, with between 7 and 9 items per subtest, for a total of 33 items. To maintain the range of consonant contrasts in the original CUNY-NST, the subtests were selected on the basis of inclusion of all original consonants in a single vowel context, /a /. Seventeen items were consonant final, and 16 items were vowel final. The order of the four sublists was counterbalanced, resulting in four list orders.
Nonsense syllables were selected for this test in part because they are more free of context and learning effects in comparison to traditional tests of speech discrimination (Resnick et al., 1975) . The presentation level of individual CUNY-NST items (including carrier phrase and corresponding noise signals) was fixed at 63 dB SPL. This level corresponds to that associated with average conversational speech (ANSI S3.79-1997) . The level of the noise was fixed at 57 dB SPL, resulting in an SNR of 6 dB. This SNR is representative of the highest SNR that is typically found in classroom environments (Bess et al., 1984; Crandell & Smaldino, 2000) . Children were screened to ensure they could read the written consonants and knew the sounds associated with them. Each child completed at least one practice list.
Sound recordings were made in the two listening environments (Teacher Front and Teacher Back) using a KEMAR that was placed at the position of the listener used in Experiment 1. All recordings were made using a single Oticon Gaia hearing aid directly coupled to a Zwislocki coupler mounted in the KEMAR using an HA-3 coupler attachment (Knowles DB-32). The instrument selected was one of the Gaias for which directivity was measured and calculated. Specifically, the instrument with DI values closest to the average was selected. The hearing aid was oriented on the ear to ensure that the microphone ports were in the horizontal plane. The test hearing aid was fitted without venting and adjusted to produce a moderate, flat gain response. Gain was matched as precisely as possible between directional and omnidirectional modes to eliminate any microphone-specific level bias that may have resulted.
Each CUNY-NST item (with carrier phrase) was recorded in both omnidirectional and directional modes in turn. Two additional signals were also recorded for control of stimulus preparation and delivery. First, a 10-ms transient signal was placed at the beginning of each pair of passages so that the start time could be precisely identified for sound mixing. In addition, a steady-state, speech-shaped noise was spectrally matched to the CUNY-NST noise (without the competing loudspeaker frequency response correction). This noise was presented from 0°at the presentation level of the speech signals and recorded in both directional and omnidirectional modes. This recorded noise was then used to ensure the test signals at the output of the earphones were appropriately matched to simulated real ear targets. Signal outputs from the hearing aid were recorded from the Zwislocki coupler through the use of an Etymotic ER-11 microphone and a second multichannel digital signal-processing sound card ( Echo Digital Audio Layla) on the bus of a Pentium IV class computer. Sound was recorded in 16-bit, 44.1-KHz format using the commercial sound recording and editing package. Both the omnidirectional and directional recordings were first band-pass filtered (100 dB/octave) using 200-and 6000-Hz cutoff frequencies. The resulting signals were then low-pass and high-pass filtered (100 dB/octave) at a 1500-Hz cutoff frequency. A low-pass directional test signal was then generated for both the Teacher Front and Teacher Back environments by mixing the low-passed directional recordings with the high-passed omnidirectional recordings using the commercial sound editing software. The transient signal at the beginning of each list was used to ensure time synchrony for the directional and omnidirectional recordings with a margin for error of ±0.5 ms. The 0.5-ms limit is well below the group delay value of approximately 5.0 ms that is known to negatively affect sound quality and speech recognition (Stone & Moore, 2003) . Both full-band directional and full-band omnidirectional conditions were also generated for each of the two environments by recombining the segments that were first low-and high-pass filtered using the 1500-Hz cutoff frequency. In this way, any group delay and filtering biases were introduced across all presentation stimuli. The stimuli were routed from the computer sound card through the audiometer to Etymotic ER4 earphones for presentation to the participants. Prior to presentation, the test stimuli were spectrally shaped to match each participant's simulated real ear targets.
Experiment 3
The purpose of Experiment 3 was to examine further the effect of the two microphone modes (directional and omnidirectional) when there were multiple talkers of interest. However, unlike in Experiment 1, we were interested in an environment in which some of the talkers were in front of the listener and some were behind the listener. Participants were recruited from those who had completed Experiments 1 and 2. All participants were invited to take part, and the first 12 to agree were included.
The word recognition performance of the 12 participants was measured in omnidirectional and directional modes using the hearing aid fittings described in Experiment 1. Participants were not given head orientation instructions for this experiment. Of the 12 participants, 10 were fitted with the Gaia, and 2 were fitted with the Supero. Word recognition was measured in a single test environment using Northwestern University Auditory Test No. 6 (NU-6; Tillman & Carhart, 1966; Wilson, Coley, Hanel, & Browning, 1976) . The NU-6 consists of four 50-word lists, with a male talker speaking each word after the carrier phrase: "Say the word ______." Digital copies of the NU-6 lists were first made from the CD version available from Audiotec of Saint Louis ( Missouri). For each participant, one of three lists was selected at random and assigned to one of three presentation loudspeakers. The three presentation loudspeakers ( Tannoy System 600) were placed on 32-in. (81.3-cm) speaker stands, 1.5 m from the listener, at three angles relative to the angle of the participant's chair (0°/front, 135°/back right, 225°/back left). All participants were seated in the exact center of a 6.5-m ( long) × 5.5-m (wide) × 2.1-m (high) reverberation chamber modified with acoustic blankets and carpet to control the reverberation time. Average reverberation time at the position of the listener's head was 0.75 s as measured using noise bursts and a Larson Davis (Model 824) sound level meter. Four uncorrelated noise sources were output from four bipolar loudspeakers (Definitive BP-2x) placed on 32-in. (81.3-cm) speaker stands 1 m from the corners of the room. The competing noise included the same four uncorrelated samples of cafeteria noise used in Experiment 1. However, in this case, the competing noise signals were spectrally matched to the NU-6 competing noise from the Audiotec recording. The cafeteria noise was used in lieu of the more usual steady-state noise included with the Audiotec version of the NU-6 to improve face validity; that is, the level of the competing noise in most classrooms and other listening environments usually varies over time. One potential weakness of the chosen method, however, is that the list equivalency was not known; consequently, the lists chosen for presentation were counterbalanced across the directional and omnidirectional microphone modes. The presentation level of individual NU-6 items (including carrier phrase) was fixed at 63 dB SPL, and the competing noise level was fixed at 57 dB SPL, again resulting in an SNR of 6 dB.
Results
The average frequency-specific DI values for the two hearing aid models used in this experiment are shown in Figure 3 . The directivity within each model was fairly consistent across the tested samples, evidenced by the fact that DI, when averaged across the tested frequencies, exhibited a range of 0.4 and 1.3 dB for the Gaia and Supero models, respectively. These data also revealed that both of the hearing aid models exhibited relatively high DI values when compared with the theoretical maximum 6 dB for first-order Figure 3 . The average frequency-specific directivity index values for the two hearing aid models used in this experiment. These values are based on 1/3 octave levels and represent the average across eight Gaia and four Supero instruments. directional systems. Both models also revealed the highest directivity values in the low frequencies. This comparison also revealed that, when examining 250 through 4000 Hz, the Gaia model had a higher average DI (3.9 dB) than the Supero model (3.2 dB). However, it should be noted that this discrepancy was primarily because the Gaia instruments evaluated exhibited very similar average DI values (ranging from 3.7 to 4.1 dB), whereas the Supero instruments revealed much more variability (3.9-2.6 dB). All instruments were evaluated after they had been worn for at least 2 months. Therefore, the lower DI of the single Supero instrument may have been the result of dirt or damage.
Experiment 1
Experiment 1 was designed to evaluate speech recognition and subjective performance in directional and omnidirectional modes across a variety of common classroom listening conditions. Averaged performance on the HINT-C across the five simulated classroom conditions is shown in Figure 4 . Before we conducted the main analysis, we completed a two-factor analysis of variance (ANOVA) with within-subject factors of the two microphone modes (directional and omnidirectional) and the test trial position (first or second) to determine whether an order effect was present. No significant main effect of test trial position or interaction between test trial position and microphone mode was found, revealing no significant order effect. Primary data analysis was based on two separate goals. The first and primary goal was identification of any significant effects of microphone mode (directional vs. omnidirectional) in each of the five environments. A second goal was to examine performance within each of the two microphone modes in order to observe any effects resulting from environmental factors. The HINT-C data were analyzed with a two-factor ANOVA. The withinsubject factors were the two microphone modes and the five test environments. Statistical significance was defined at the a = .05 level, and Tukey honestly significant difference testing was used for post hoc analyses of the data. Statistical analysis revealed significant main effects of microphone mode, F(1, 25) = 12.38, p < .0017, and test environment, F(4, 100) = 25.66, p < .0001, and a significant interaction between microphone mode and test environment, F(4, 100) = 12.43, p < .0001. Post hoc analysis revealed that participant performance was significantly better in the directional mode for the Teacher Front ( p < .0436), Desk Work ( p < .0001), and Discussion ( p < .0001) conditions. In contrast, participant performance was significantly poorer in the directional mode for the Teacher Back condition ( p < .0375). There was no significant performance difference between the two microphone modes in the Bench Seating condition.
Within the omnidirectional mode, post hoc analyses revealed no performance differences among the Teacher Front, Teacher Back, and Desk Work environments. In contrast, performance in the Bench Seating environment was significantly better ( p < .0011) than all conditions other than the Discussion environment. Finally, the performance in the Discussion environment was significantly better ( p < .0029) than either the Teacher Front or Desk Work conditions. For the directional mode, the post hoc analysis revealed that performances in the Teacher Front and Desk Work environments were not significantly different (from each other) and that performance in these two conditions was significantly better than in the Teacher Back environment ( p < .0002) and significantly poorer than in the Desk Work and Bench Seating environments ( p < .0008). Performance in the Teacher Back condition was significantly poorer than in all other conditions ( p < .0002).
As is sometimes expected with subjective questions, not all participants and their parents completed all of the CHILD questions. Question 8, which pertains to a clock radio, was left blank by approximately 75% of participants who indicated that their child did not use an alarm clock or clock radio. Therefore, this item was discarded before we generated average scores. There were also nine other specific cases of missing data when all 14 questions across all participants were considered. These missing data were distributed across five questions. In these cases, the missing data were replaced with group average data prior to analysis. Analysis of the CHILD scores averaged across all items after accounting for missing data revealed no significant differences between the omnidirectional and directional modes for either parents or children. Because it was possible that the environments described for some items favored the directional mode, whereas other items may have favored the omnidirectional mode, we conducted individual t tests for each individual item after applying a Bonferroni correction to the level of significance to account for the fact that 14 questions were asked. No significant differences in subjective performance across omnidirectional and directional modes were identified for any individual CHILD item.
The average difference in the subjective ratings provided for the omnidirectional and directional trials across the 16 items that were developed for this project is shown in Figure 5 . It is clear from this figure that the two trials received nearly the same average rating for the majority of questions. We also examined the responses across these individual items using individual t tests after applying a Bonferroni correction to the level of significance to account for the fact that 16 questions were asked (a = .05/16). This analysis revealed a single significant difference, F(1, 25) = 2.21, p < .0018. Specifically, participants rated Item 14 (" You are playing outside with your friends. How difficult is it to understand them when they are behind you?") higher (an average of 1.6 categories) during the omnidirectional trial than during the directional trial.
Experiment 2
Experiment 2 was designed to further evaluate the potential benefits and limitations of the directional hearing aid mode when the talker of interest was in front of or behind the listener. In addition, this experiment directly tested the effect of limiting directional processing to the low frequencies in these same environments. Averaged performance on the CUNY-NST across the three microphone modes (omnidirectional, directional, low-pass directional) and two source locations (Teacher Front and Teacher Back) is shown in Figure 6 . Percentage-correct performance values were arcsine transformed prior to data analysis to normalize the variance across the range of scores (Studebaker, 1985) . We then analyzed these data using a two-factor ANOVA. The within-subject factors were the three microphone modes (omnidirectional, directional, low-pass directional) and the two source positions (front and back). The Tukey honestly significant difference test was again used for post hoc analyses. This analysis revealed a significant main effects of microphone mode, F(2, 50) = 3.58, p < .0001, and source location, F(1, 25) = 35.35, p < .0001, and a significant interaction between microphone mode and source location, F(2, 50) = 3.26, p < .0001. The post hoc analysis was aimed at identifying significant effects of microphone mode within each of the two source location conditions. This analysis revealed that when the source was in front of the participant, performance was significantly better in the directional mode than in either the omnidirectional mode ( p < .0001) or low-pass directional mode ( p < .0001), with no significant difference between performance in the omnidirectional and highpass directional modes. When the source was behind the participant, performance was significantly better in the omnidirectional mode than the directional mode ( p < .002), with no significant difference between the high-pass directional mode and either the directional or omnidirectional modes.
Experiment 3
Experiment 3 was designed to further evaluate the effect of talker position on directional benefit when the talkers of interest were both in front of and behind the listener in the same environment. Averaged performance on the NU-6 across the two microphone modes (omnidirectional and directional) and three source locations (front, right back, left back) is shown in Figure 7 . Percentage-correct performance values were arcsine transformed prior to data analysis so that the scores more closely followed a normal distribution. We then analyzed these data using a two-factor ANOVA with within-subject factors of the two microphone modes and the three source positions (front, back left, back right). Statistical analysis revealed significant main effects of microphone mode, F(1, 11) = 18.80, p < .0012, and source location, F(2, 22) = 11.03, p < .0004, and a significant interaction between microphone mode and source location, F(2, 22) = 7.93, p < .0025. The post hoc analysis was aimed at identifying significant effects of microphone mode (directional vs. omnidirectional) within each of the three source location conditions. In contrast to our other findings, this analysis revealed no significant difference between performance in the omnidirectional and directional mode when the source was in front of the participant. When the source was behind the participant, performance was significantly better in the omnidirectional mode than in the directional mode for both the back left ( p < .0078) and back right ( p < .0036) conditions.
Discussion
The speech recognition results across the three experiments suggest that, compared with the omnidirectional mode, the directional mode can lead to better, worse, or equivalent speech recognition performance depending on the specific school listening environment. The data collected in Experiment 1 revealed that directional benefit was present for all three conditions in which the talker was generally in front of the listener (Teacher Front, Desk Work, Discussion). In contrast, equivalent performance, or a directional deficit, was present when the talker of interest was behind or beside the listener. These findings are generally in good agreement with laboratory measures of adult hearing aid wearers, revealing that maximum directional benefit in moderately reverberant environments in which the competing noise surrounds the listener is found when the listener is approximately facing the sound source of interest and the sound source of interest is relatively near (Ricketts, 2000c; Ricketts & Hornsby, 2003 , 2007 . These conditions have been associated with self-reported preference for the directional mode in adult listeners (Walden et al., 2004) . In addition, they reportedly occur during approximately one third of active listening time, representing the majority of the most difficult listening situations faced (Walden et al., 2004) . For the remaining two thirds of listening time, including all situations for which the talker of interest was behind or beside the listener and/or the listener was in quiet, the omnidirectional mode was preferred.
The directional benefit for the three conditions in which the talker was generally in front of the listener in Experiment 1 ranged from 2.2 dB to 3.3 dB as measured by the HINT-C. The magnitude of this advantage was generally consistent with the magnitude of directional advantage measured in adults using the HINT under similar listening conditions. For example, Ricketts et al. (2001) measured directional benefit in 47 adult listeners with mild to moderate sensorineural hearing loss fitted bilaterally with one BTE and four different in-the-ear hearing aid models. In this study, there were five uncorrelated noise sources surrounding the listener, and the source loudspeaker was placed at either 1.00 m or 1.25 m in one of two rooms with an average reverberation time of approximately 0.4 s. These authors reported an average directional benefit, as measured by the HINT, ranging from 2.2 dB to 2.9 dB. Ricketts (2000c) reported directional benefit for 25 adult participants with symmetrical, sloping, sensorineural hearing loss, for four different configurations of competing noise source(s) in two different reverberant rooms across a total of three different commercial hearing aid models. The conditions most similar to the current study included five uncorrelated noise sources surrounding the listener in rooms with average reverberation times of approximately 0.6 s and 1.1 s. The directional benefit reported for these conditions averaged across the two reverberant rooms (as measured by the HINT) ranged from approximately 1.5 dB to 3.6 dB, depending on the test instrument. However, it is important to note that the speaker-to-listener distance in this study (1.0 m) was smaller than for the majority of conditions in the current study. The current data suggest that the significant directional benefit reported for children in optimal laboratory environments (e.g., Gravel et al., 1999; Hawkins, 1984; Kuk et al., 1999 ) is also present in some laboratory environments aimed at simulating real classroom listening situations. Furthermore, the magnitude of the directional benefit measured in children is similar to that measured in adult listeners. The data from Experiment 2 revealed that significant directional benefit (approximately 13%) was measured in school-age participants, even when contextual information was limited through the use of nonsense syllables (see Figure 6 ).
Experiment 1 also revealed a clear difference in speech recognition performance across the five test environments. It has previously been shown that the speech recognition scores and the magnitude of directional benefit in adult listeners generally increase with decreasing distance in reverberant environments (e.g., Ricketts & Hornsby, 2003 , 2007 . Consistent with these previous findings, Figure 4 reveals that in the omnidirectional mode there was a monotonic increase in performance with decreases in loudspeaker-to-listener distance from 2.0 m ( Teacher Front condition) to 1.5 m (Discussion condition) to 0.5 m (Bench Seating condition). In contrast, directional performance (and the corresponding directional benefit) increased when moving from the Teacher Front condition to the Discussion condition.
The lack of directional benefit in the Bench Seating condition is attributed to the angle of the child's head relative to the loudspeaker. Although no specific instructions were given, casual observation of this condition revealed that some children turned their head toward the general direction of the speech loudspeakers, whereas others did not. Given the spatial sensitivity patterns of the test hearing aids and a signal of interest directly to one side, one would expect a directional advantage if the participants oriented their head toward the loudspeaker, and a directional detriment if they did not. Therefore, we speculate that the lack of average benefit was an artifact of averaging across the variable headturn behaviors. This speculation is somewhat supported by the high variability in directional benefit across children in this mode. Specifically, the directional benefit of individual participants ranged from 9.5 dB to -10 dB. This range was larger than observed for any other condition. It would be of interest to test this hypothesis further by comparing headturning activities to directional benefit. Unfortunately, headturn data were not gathered in this experiment.
The trend of slightly better directional performance for the Desk Work condition than the Teacher Front condition (average = 1.3 dB), even though the speaker-to-listener distance was the same for these two conditions, is also of interest. There are at least two possible explanations for this trend. One possibility is that adding the additional math task led to increased directional benefit; that is, the increase in effective SNR resulting from switching to the directional mode was more useful when the task was more difficult. An alternative and more likely explanation is related to the angle of the hearing aids on the participants' ears. Specifically, it is known that earmold tubing length affects the orientation of the two directional microphone ports. Consequently, because of the design of the BTE case coupled with adjusting tubing length for maximum comfort, the plane through the two microphone ports often deviates from horizontal, leading to reduced directivity (Ricketts, 2000a) -that is, the BTE instrument hangs farther back on the ear, resulting in a plane through the microphone ports that "points" upward relative to horizontal. In the case of the Desk Work condition, visual inspection suggested that, for many children, looking down toward the desk resulted in a more optimal plane through the microphone ports (closer to horizontal). This change in orientation would also be expected to lead to improved directional benefit. This second explanation also appears to be more consistent with the pattern of results. Specifically, omnidirectional performance was nearly identical in the Teacher Front and Desk Work conditions, and the slight increase in directional benefit resulted from an increase in directional performance ( presumably associated with a more optimal port angle). Although certainly speculative in nature, this trend suggests that further work is needed to determine whether design improvements relative to microphone port placement may be needed to optimize directional benefit in BTE instruments.
As expected, performance in the Teacher Back conditions in both Experiments 1 and 2 revealed a clear directional decrement when the talker of interest was behind the listener. Unfortunately, although limiting directivity to the low frequencies eliminates this directional decrement, it also eliminates the directional benefit observed in the Teacher Front condition (see Figure 6 ). This finding is particularly distressing when examining the directivity data shown in Figure 3 ; specifically, the instruments selected for this study generally had the highest directivity values in the low frequencies. Consequently, the average DI dropped only from 4.0 dB to 2.5 dB when moving from the full-band directional to low-pass directional condition. On the basis of previous data demonstrating the relationship between average DI and performance in adult listeners, one might expect that at least half of the directional benefit would be retained in this condition ( Ricketts et al., 2005) . In contrast, the directional benefit was completely eliminated. These data support the importance of full-band directivity for children and suggest that the relationship between frequency-specific changes in SNR may be different for adults and children. However, further work is needed to test the viability of this hypothesis.
The fact that there was significant directional benefit in the Discussion environment supports the use of directional technology when there are multiple talkers of interest who are separated in space but generally still in front of the listener. However, one of the most surprising findings suggests limitations to directional benefit in environments with multiple talkers of interest (see Figure 7) ; specifically, when there were multiple talkers of interest who were both behind and in front of the listener, not only was there the expected directional decrement for the rear talkers, but also the directional benefit for the front talker was eliminated. The loss of directional advantage in this case is difficult to explain, particularly given that the 12 participants in this study demonstrated average significant directional benefits similar to the group as a whole for conditions in Experiments 1 and 2. However, we hypothesize that the explanation may be related to environment-specific demands. The participants were not given any specific instructions other than that all three talkers were important. Given that two thirds of the presentations originated from behind the participants, it may be that the focus of their attention was shifted to the rear. Because the difficulty of the task was much greater for the sources in the rear hemisphere, it seems natural for the participants to focus on these sources; that is, they may have a propensity to turn toward more difficult rear sources while giving less attention to more easily understood front sources in order to optimize performance in the most difficult situation. Regardless of the reasons, these data provide evidence that the directional mode is not appropriate in noisy environments when there are multiple talkers of interest both in front and behind the listener. Given the considerable importance of overhearing in many situations, this finding suggests that the number of common school environments for which directional is the optimal mode may be limited.
As a whole, the results of this study reveal that directional performance can be critically reduced if the student does not orient his or her head toward the talker of interest. Use counseling appears critical given that head orientation was expected to affect performance in the Bench Seating condition and previous findings of variability in head orientation in real classrooms (Ricketts & Galster, in press ). Consequently, counseling and training activities related to the importance of head orientation when in the directional mode are strongly advocated to optimize performance. However, even with appropriate head orientation training, the speech recognition data from all three experiments strongly suggest potential problems for the directional mode when attempting to overhear conversation originating from behind.
Problems with overhearing were further highlighted by the subjective data; specifically, the one significant finding was related to the difficulty of using the directional mode when there were talkers of interest behind the child. When considered with the speech recognition data, these findings are viewed as strong evidence against the use of full-time directional instruments in school environments. The importance of the availability of both microphone modes has also been shown in adult listeners. Specifically, demonstrated significantly more self-reported hearing aid benefit in noisy listening situations when adults were fitted with hearing aids that could be switched between directional and omnidirectional microphone modes in comparison to fixed directional instruments. The current data also highlight the importance of having an appropriate and accurate microphone-switching strategy for directional hearing aids. The appropriateness of either manual or automatic microphone switching in school-age children remains unknown.
The subjective results and the results from Experiment 3 also have important implications for automatic switching algorithms; specifically, these result suggest that when a switching mistake is made, it may be more detrimental to mistakenly be in the directional mode than to mistakenly be in the omnidirectional mode, again highlighting the importance of overhearing. These data are viewed as support for implementation of a conservative approach to directional switching algorithms. Taken to the most extreme conclusion, it may be that the switch to directional mode should be made only when speech is not detected behind the listener.
Conclusions
These data suggest that, compared with the traditional omnidirectional microphone mode, the directional mode can lead to increases or decreases in the speech recognition performance of school-age children, depending on the specific listening environment. Consistent with data collected from adult listeners, significant directional benefit was found when the sound source(s) of interest was in front of the participants and when noise surrounded the participants, even when there was more than one source of interest. As expected, directional decrement was measured when the sound source of interest was behind the participants. By limiting directional processing to the low frequencies, this directional decrement was eliminated, but unfortunately this also resulted in elimination of directional benefit. Finally, a directional decrement was observed in the absence of directional benefit when sources of interest were both in front of and behind the participant. These data support the use of the omnidirectional mode for school-age children in noisy environments with multiple talkers of interest, unless all talkers are located in the front hemisphere. In such cases, the fullband directional mode is supported so that significant directional benefit can be achieved.
